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Cardio-visual full body illusion 
alters bodily self-consciousness and 
tactile processing in somatosensory 
cortex
Lukas Heydrich  1,2, Jane Elizabeth Aspell1,4, Guillaume Marillier1, Tom Lavanchy1,  
Bruno Herbelin1 & Olaf Blanke1,3
Prominent theories highlight the importance of bodily perception for self-consciousness, but it is 
currently not known whether this is based on interoceptive or exteroceptive signals or on integrated 
signals from these anatomically distinct systems, nor where in the brain such integration might occur. 
To investigate this, we measured brain activity during the recently described ‘cardio-visual full body 
illusion’ which combines interoceptive and exteroceptive signals, by providing participants with visual 
exteroceptive information about their heartbeat in the form of a periodically illuminated silhouette 
outlining a video image of the participant’s body and flashing in synchrony with their heartbeat. We 
found, as also reported previously, that synchronous cardio-visual signals increased self-identification 
with the virtual body. Here we further investigated whether experimental changes in self-consciousness 
during this illusion are accompanied by activity changes in somatosensory cortex by recording 
somatosensory evoked potentials (SEPs). We show that a late somatosensory evoked potential 
component (P45) reflects the illusory self-identification with a virtual body. These data demonstrate 
that interoceptive and exteroceptive signals can be combined to modulate activity in parietal 
somatosensory cortex.
Evidence for the role of multisensory integration in bodily self-consciousness is based on studies of both 
body-part1–3 and full body illusions4–7 which induce multisensory conflicts between external (‘exteroceptive’) 
sensory modalities, such as vision and touch. There is, however, growing support for the theory that the brain’s 
representations of internal (‘interoceptive’) bodily states (e.g., the heartbeat8–12) are equally or even more impor-
tant for the self13,14, given their role in homeostatic, life-sustaining processes.
A full neurobiological account of bodily self-consciousness will need to explain how and where interoceptive 
and exteroceptive sources of bodily information are combined in the brain to form a global self-representation. 
Although we have some understanding of the convergence of visceral and somatosensory signals in sin-
gle neurons in the spinal cord, brain stem, and thalamus15–17, little is known of the cortical involvement in 
intero-exteroceptive integration. This research is, as yet, in early stages, but there is evidence from clinical work18, 
neuroimaging studies10,19–21 as well as behavioural work suggesting interactions between interoceptive and exter-
oceptive processing on a cortical level9,22,23.
Relations between interoception and exteroception and the importance of their interactions for bodily 
self-consciousness has only very recently been studied. A paper by our research group24 was one of the first to 
look at these interactions in the context of a full body illusion (see details below and25). Park and colleagues more 
recently showed21 that the amplitude of a cortical index of interoception (the heartbeat evoked potential) predicts 
the conscious visual detection of a barely perceptible stimulus. Links between visual and cardiac processing were 
also highlighted by a study from our group showing that activation in the insula (a key interoceptive cortical area) 
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was suppressed when a visual stimulus was presented in synchrony to the participant’s heartbeat10. Most studies 
so far26 have shown effects of interoception on exteroception; only one study, to our knowledge has shown the 
reverse: Marshall et al.27 found that repeating angry facial stimuli suppresses HEP amplitude.
At the same time, the role of atypical interoception in psychiatric (e.g. schizophrenia28) and developmental 
disorders (autism) has also received growing attention. Atypical sensory processing is one of the diagnostic crite-
ria of autism29 and the finding that the severity of abnormal sensitivity correlates across different modalities sug-
gests that individuals with autism have a global deficit in the processing of exteroceptive stimuli30. Most research 
on autism to date has focussed on exteroceptive sensory difficulties31,32; atypical interoception has been investi-
gated only more recently. These latter studies have shown that interoceptive sensitivity is lower in people with 
autism33 and this is strongly linked to the degree of alexithymia34–36. These findings have led to the suggestion37 
that the social difficulties of autism arise from malfunctions in the ‘oxytocin-interoception system’. The social 
difficulties have also been linked to the well-documented abnormalities in self processing reported in autism38–41. 
Atypical self-processing may be related to aberrant exteroceptive-interoceptive integration in people with 
autism42. Growing evidence therefore suggests that atypical social cognition, interoception and self-consciousness 
are likely co-dependent, inter-related characteristics of autism.
In a recent study43 we sought to explicitly test links between interoception and bodily self-consciousness by 
devising a new illusion in which interoceptive signals are ‘projected onto’ the participant’s virtual body. In par-
ticular, we investigated whether a conflict between an interoceptive signal (the heartbeat) and an exteroceptive 
(visual) signal would modulate bodily self-consciousness, and further, whether this cardio-visual conflict would 
also alter exteroception (tactile perception). We presented cardio-visual illumination of the virtual body so that 
a flashing silhouette was either temporally synchronous or asynchronous with respect to the participant’s heart-
beats. Our data showed that participants self-identified more with the virtual body, and their self-location was 
biased more towards it in the synchronous compared to the asynchronous condition. Synchronous cardio-visual 
signals also altered the perception of tactile stimuli presented during the illusion.
In the present study we investigated whether the experimentally-induced changes in bodily self-consciousness 
induced by the cardio-visual illusion are accompanied by changes in somatosensory activity by recording soma-
tosensory evoked potentials (SEPs) to medial nerve stimulations during the heartbeat illusion. Such information 
would give some insight into where in the brain a convergence of interoceptive and exteroceptive signals might 
occur. Based on our previous behavioural evidence for changes in tactile perception during the illusion, as well 
as the finding of both early and late SEP changes during the visuo-tactile full body illusion44, we expected to find 
an illusion-induced modulation of SEPs. Whereas Bufalari and colleagues45 reported that viewing painful tactile 
stimuli delivered to another’s body modulates the amplitude of the P45 to median nerve stimulation, Dieguez 
et al.46 showed that the N20 is enhanced during a body part ownership illusion. Given the non-somatosensory 
nature of our illusion, we predicted that multimodal areas (such as the secondary somatosensory cortex, the pos-
terior part of the insular cortex or the posterior parietal cortex) rather than primary somatosensory cortex will 
be involved, and that this will be reflected by the P45 component (vs. the N20), as suggested previously45. This 
would also be in line with a recent observation by Ronchi and colleagues9 who reported a change in responses to 
the heartbeat illusion in a patient with a right insular lesion.
Results
Self-identification. Analysis of questionnaire scores revealed that during the SEP recording participants 
self-identified more strongly with the virtual body in the BS condition (Q3: ‘I felt as if the body was my body’; 
mean = 0.41) as compared to the BAS condition (mean = −0.32, p = 0.0059, one-tailed). None of the other con-
trasts reached significance (see Fig. 1).
Intensity ratings. No significant difference was found between the intensity ratings for BS (3.1 ± 2.3) and 
BAS (3.7 ± 2.3), BS and BL (2.8 ± 2), or BAS and BL (all p > 0.62; see Supplemental Fig. 1).
SEP data. Three subjects did not show the classical components and were not included in further ERP 
analysis. The grand average SEP revealed classic SEP components peaking at N20, P25, N35, P45, and N55 at 
Figure 1. Behavioural results. Self-identification with the virtual body (Q3) was significantly modulated 
by cardio-visual synchrony. White bars indicate ratings in the synchronous condition (body synchronous 
condition; BS). Dark grey bars indicate ratings in the asynchronous condition (body asynchronous condition, 
BAS). Asterisks indicate significant differences. Error bars indicate standard error of the mean (SEM).
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scalp electrode C3. Across all conditions the maximal peak amplitude for the N20 component was on average 
at 19.9 ± 1.4 ms. The maximal peak for the P45 component was at 45.9 ± 3.4 ms. A two-tailed paired t-test was 
applied to the latency data of each of the five SEP components, revealing no significant difference between the 
two conditions for any component (N = 10, all p > 0.26, see Supplemental Table 2). Furthermore, no significant 
difference was found between BS and BL (N = 10, all p > 0.07) and BAS and BL (N = 10, all p > 0.08).
Analysis of the SEP data at electrode C3 (over somatosensory cortex contralateral to the electrically stimulated 
right median nerve) and C4 (ipsilateral to the stimulated nerve) revealed a significant 3-way interaction between 
electrode, synchrony, and component (F1,9 = 11.7, p = 0.009). Post-hoc analysis showed a synchrony-dependent 
modulation was only found at C3 and at 45 ms after stimulus onset (P45 component). Thus, only at C3 (and not 
at C4) a significant modulation of the SEP amplitude was found and this only for the P45 component (Fig. 2A; 
the P45 amplitude at C3 differed between the BS (2.52 +/− 0.66 μV) and BAS (1.71 +/− 0.59 μV) condition 
(p = 0.001) and was larger in the BS condition. No significant differences were found for the N20 component 
between BS (−1.65 +/− 0.38 μV) and BAS (−1.29 +/− 0.32 μV) at C3. No differences were found for either of the 
two components at electrode C4 (all p > 0.05, see Supplemental Fig. 2).
Correlation. Further analysis showed that the P45 amplitude at electrode C3 correlated positively with 
self-identification ratings during the BS condition (Fig. 2B; N = 10, R = 0.61; p = 0.05). No significant correlation 
was found between the amplitude at electrode C3 and Q3 in the BAS condition nor between the amplitude of the 
N20 component at electrode C3 and Q3 for the BS and BAS condition (all p > 0.27).
Source localization. The application of a distributed linear inverse solution based on a local auto-regressive 
average (LAURA) model localized the P45 component to left contralateral parietal cortex ranging from the post-
central gyrus (Brodmann area 2, Talairach coordinates −47, −20, 47; strongest activation) and extending to the 
inferior parietal cortex (Brodmann area 40, Talairach coordinates −41, −44, 48; Fig. 3).
Discussion
Our data are compatible with recent evidence pointing to the importance of exteroceptive and interoceptive sys-
tems for self-consciousness10,18,25,42,43. We show that signals from these systems – cardiac and visual - are associ-
ated with changes in self-identification and somatosensory processing. The present subjective data replicate those 
of a previous study from our group43, demonstrating that participants show stronger self-identification when an 
illuminating silhouette surrounding a video image of the participant’s own body flashed on and off synchronously 
with the participant’s heartbeat as compared to a control condition. This data adds further evidence to the notion 
of a multisensory integration model of bodily self-consciousness, e.g. that mechanisms for detecting correlations 
between the timing of an exteroceptive (flashing visual stimulus) and an interoceptive signal (heartbeat) contrib-
ute to the basis of bodily self-consciousness.
Based on our previous behavioural evidence for changes in tactile perception during the illusion43, we sought 
to investigate the associated brain mechanisms by measuring activity in somatosensory cortex during the illusion. 
We found a significant positive correlation between the amplitude of the P45 component and the strength of the 
illusion in the synchronous condition after right median nerve stimulation, providing preliminary electrophys-
iological evidence for a modulation of somatosensory activity during the cardio-visual illusion. Our finding of 
enhanced SEP amplitude in the synchronous condition is in line with a recent visuo-tactile full body illusion 
Figure 2. (A) Somatosensory evoked potentials. During the illusion condition (BS), only the amplitude of the 
P45 component of somatosensory evoked potentials (recorded at electrode C3 contralateral to the stimulated 
right median nerve, N = 10) was found to significantly differ from the control condition (BAS). The amplitude 
of the P45 component (grand average somatosensory evoked potential) in the two experimental conditions is 
shown in the small inserted plot (same colour-code as in the larger plot; red: synchronous; black: asynchronous; 
error bars are SEM). (B) Correlation. The plot shows the P45 amplitude relative to baseline at electrode C3 for 
each participant (N = 10). Analysis revealed that the amplitude of the P45 component correlated significantly 
and positively with the self-identification ratings with the virtual body. This was only found during the BS 
condition (amplitude and rating are plotted as standardized z-scores).
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study from our lab44 which found that SEPs at 30–50 ms after tibial nerve stimulation were enhanced during the 
synchronous condition. SEPs recorded during a ‘numb finger’ illusion were also enhanced during the illusion 
condition46. All of these body illusion SEP findings are possibly consequences of a ‘functional deafferentation’ 
effect caused by ‘disownership’ of the body/a body part. This idea is based on the finding that physical deaffer-
entation (e.g. anesthesia/nerve block), which has also been associated with loss of ownership47, leads to SEP 
enhancement48,49. Furthermore, it has been suggested that ownership illusions alter homeostatic and somatosen-
sory processing of the physical body, as observed in the RHI, when the stroked hand becomes cooler50, in the FBI 
when the whole body cools51, and in the FBI when both acute and chronic pain sensations are reduced52,53.
Here, changes in bodily self-consciousness were reflected by the late (P45) SEP component but not by the early 
SEP component over the left hemisphere. This modulation of the late P45 SEP component (as opposed to earlier 
SEP components such as the N20 component that reflects activation restricted to S1) suggests that areas beyond 
S1 (such as the secondary motor cortex or the posterior insula45,54,55 are associated with changes in somatosensory 
processing linked to altered states of bodily self-consciousness (e.g. illusory self-identification with an avatar). 
This is supported by our finding that the application of a distributed linear inverse solution localized the P45 
component to left contralateral parietal cortex ranging from the postcentral gyrus and extending to the inferior 
parietal cortex. Importantly, the observation that the amplitude of the P45 component correlated positively with 
the strength of self-identification with the virtual body in the illusion-inducing condition only, further supports 
the conclusion that the magnitude of this somatosensory activation induced by median nerve stimulation reflects 
changes in bodily self-consciousness, due to convergence of interoceptive, visual and somatosensory processing.
Viscero-somatic convergence has been described in the dorsal horn of the spinal cord, the brain stem and 
the thalamus by revealing single neurons with tactile receptive fields that also receive afferent cardiac input15,17, 
e.g. afferent signals from the viscera converge with somatosensory afferents from specific body parts15. Recently, 
Gray and colleagues showed an integration of somatosensory and phasic baroreceptor information at cortical, 
limbic and brainstem levels19. Abnormalities in the timing of the integration of interoceptive and exteroceptive 
stimuli found in autism42 may underlie the atypical sense of self which is characteristic of the disorder38. Others 
have found that visual processing and visuo-tactile integration, respectively is dependent on visceral afferent 
information (e.g. the heartbeat10,21,56) and have linked this process to the multisensory cortical areas, such as the 
insula10,12 and the inferior parietal lobule21. Importantly, in two very recent studies the same heartbeat illusion 
paradigm was used. Ronchi et al. tested a patient before and after resection of a right insula neoplastic lesion9.
While before surgery the patient experienced self-identification with the virtual body in both the synchronous 
and asynchronous conditions, the illusion was only present in the synchronous condition after surgery. Blefari 
et al.57 demonstrated that activity in the bilateral Rolandic operculum showed the highest selectivity for bodily 
self-consciousness based on our heartbeat illusion. This provides further evidence that the insula and adjacent 
structures support the cardio-visual effects on bodily self-consciousness observed during the illusion. In our 
study the source localization of the P45 component did not highlight the insular cortex, but rather late soma-
tosensory processing in secondary somatosensory cortex (SII, inferior parietal cortex). This is most likely due to 
the fact that we were measuring somatosensory signals time-locked to median nerve stimulation and its modula-
tion by a cardio-visual illusion, and not responses to the cardio-visual illusion per se. Thus, the observed changes 
in somatosensory cortex may occur as a consequence of signals arriving from different brain regions such as the 
Figure 3. Source localization. Distributed linear inverse solution based on a local auto-regressive average 
(LAURA) model applied to the SEP component at P45 (after right median nerve stimulation) localized activity 
to left parietal cortex including the postcentral gyrus and extending to the inferior parietal cortex.
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insula or the parietal cortex (e.g. posterior operculum). Cardio-visual signals could also have been integrated 
in the insula first and these integrated signals could then have modulated somatosensory processing and bodily 
self-consciousness.
The insula has been shown to be recruited during the perception of cardiac signals58,59 and has been proposed 
to be key area for interoception and subjective bodily feelings60. It is a highly multisensory brain region that is 
activated by visual, tactile, and auditory cues61–63 and it has been suggested that the posterior insular cortex64 
combines somatosensory signals from the second somatosensory area (SII) with signals from limbic structures65, 
e.g. supporting the experience of affective touch (e.g. pleasant vs. neutral touch). The insula has been implicated 
in a number of studies on self-attribution of a fake or virtual hand1,66 as well as in illusory own body perceptions 
of neurological origin18 and disownership of body parts67.
Although attentional mechanisms have been shown to enhance SEP components68,69 and cannot be excluded 
in the present study, an attention explanation seems unlikely given (1) that participants were not aware of the 
cardio-visual synchrony, (2) attention would be expected to enhance several SEP components (not only the 
P4568,69), and also given (3), our finding that the strength of the P45 component correlated with self-identification 
ratings.
A limitation of the current study is the relatively low number of participants, which can result in an overesti-
mation of the observed effect70. A replication of our findings in a higher powered sample is therefore desirable to 
test the robustness of this effect. However, the present data are in line with the behavioural results of a previous 
study from our group using the same paradigm43 and an independent research group using a similar setup based 
on the rubber hand illusion25. We therefore consider our findings valid and reliable.
In conclusion, the present changes in SEPs and self-identification during cardio-visual stimulation support 
the notion of a multisensory integration model of bodily self-consciousness, e.g. that mechanisms for detecting 
correlations between the timing of an exteroceptive (flashing visual stimulus) and an interoceptive (heartbeat) 
signal contribute to the neural bases of bodily self-consciousness, and modulate somatosensory processing.
Methods
Participants. A total of 13 healthy right-handed participants took part in the study (5 females, mean age 
21.0 ± 2.4 years). All participants had no previous experience with the task or related experimental paradigms. 
All participants had normal or corrected to normal vision and had no history of neurological or psychiatric 
conditions. All participants gave written informed consent and were compensated for their participation. The 
study protocol was approved by the local ethics research committee – La Commission d’éthique de la recherche 
Clinique de la Faculté de Biologie et de Médecine – at the University of Lausanne, Switzerland and was performed 
in accordance with the ethical standards laid down in the Declaration of Helsinki.
Materials and procedure. Setup, electrocardiogram (ECG), signal analysis. The present protocol adapted 
an experimental setup described previously43. Participants stood with their backs facing a video camera placed 
2 metres behind. The video, showing the participant’s body (virtual body) was projected in the body conditions 
in real time onto a head mounted display (HMD), see Fig. 4. While filming the video we also recorded the par-
ticipant’s ECG throughout the entire experiment. Raw data (ECG) were acquired with the BioSemi Active II™ 
system (BioSemi, The Netherlands) at a sampling rate of 2048 Hz. In-house software (http://lnco.epfl.ch/expyvr) 
was developed to detect, in real time, the peak of each R-wave from the recorded ECG data and to trigger an 
additional visual stimulus (e.g. a flashing outline surrounding the participant’s virtual body) that flashed on and 
off synchronously or asynchronously with respect to the participant’s heartbeat (for further details please refer 
to Fig. 4). There were 2 different blocks corresponding to 2 different conditions: (1) Body with flashing outline 
synchronous with the heartbeat (body synchronous, BS); (2) Body with flashing outline asynchronous with the 
heartbeat (body asynchronous, BAS). Because of limited space in the faraday cage we were not able to test an 
object control condition.
Electroencephalogram (EEG) recordings and somatosensory evoked potentials (SEP). Continuous EEG (BioSemi, 
Netherlands) was recorded at 2048 kHz sampling frequency from 64 scalp electrodes that were evenly distrib-
uted over the scalp according to the 10–20 EEG system. Electro-ocuolography (EOG) was also recorded. EEG 
epochs were calculated from 50 ms before to 100 ms after electrical stimulation of the right median nerve, which 
was delivered at 1 Hz (square wave pulses, duration 0.5 ms, mean intensity 12 mA, just below motor threshold). 
Epochs were averaged separately for each of the 2 experimental conditions (BS, BAS), baseline (BL) and for each 
participant to calculate the SEP. 400 epochs were recorded for each subject and each condition. Three subjects did 
not show the classical SEP components and were not included for the further SEP analysis. Using EEG and EOG 
channels, we used an automated artifact rejection based on signal amplitude and adapted to individual participant 
signal amplitude71. An average of 70 epochs (17%) were rejected per participant. In addition, all accepted trials 
were visually inspected at the level of traces, and scalp topography, to reject epochs with transient contaminating 
noise like eye blinks, eye movements, and muscle artifacts46. A 50 Hz notch filter was applied to reduce persistent 
noise. The data was bandpass-filtered between 30 Hz and 200 Hz and an average reference was applied. A baseline 
correction was calculated from −50 ms to 0 ms with respect to stimulus onset. Grand average SEPs across partic-
ipants were calculated with SEPs normalized to their mean Global Field Power [GFP corresponds to the spatial 
standard deviation of the scalp electric field at a certain point in time71].
Procedure and experimental conditions. We performed the body synchronous (BS) and body asynchronous 
(BAS) conditions. We additionally recorded one block where the participants simply saw their body from the 
back but without any cardio-visual conflict [which we will refer to as the baseline (BL) condition].
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After each block, participants were asked to complete a slightly adapted questionnaire from43 (question 1–8, 
see Supplemental Table 1), that allowed us to quantify self-identification with the virtual body. The questions were 
randomly ordered and rated on a 7-point Likert scale between −3 to 3, in which −3 indicated complete disagree-
ment and +3 complete agreement.
An additional question assessed the intensity of the stimulation (Q9 “Please rate the intensity of the electric 
stimulation on a visual analogue scale between 0 (I didn’t perceive any stimulation at all) and 10 (This is the 
strongest pain I can imagine)). No participant reported pain or burning sensations.
Statistical analysis. Behavioural data. Contrasts between BS and BAS conditions were carried out using 
paired t-tests, predicting higher ratings regarding self-identification with the virtual body in the BS condition as 
compared to the BAS condition. The significance level used (alpha) was adjusted using the Bonferroni method 
(p = 0.006).
SEP data. The grand average across BS and BAS conditions as well as BL at scalp electrode C3 [electrode over left 
somatosensory cortex contralateral to the stimulated right median nerve classically used for SEP analysis46] was 
computed in order to identify the N20 and the P45. Based on our hypothesis the N20 and the P45 were selected 
a priori for further analysis. The electrode ipsilateral to the stimulation (C4) was used as a control. Because of the 
inter-individual variability in SEP amplitude, values for each condition (BS, BAS) were calculated with respect to 
the BL45. This was done for each participant, each condition (BS, BAS) and the two components separately. These 
values were then subjected to statistical analysis [3-way ANOVA with factors electrode (C3, C4), synchrony (syn-
chronous, asynchronous) and component (N20, P45)] and post-hoc analysis using the LSD test comparing the 
synchronous vs. asynchronous condition for the N20 and the P45 at each electrode. The significance level used 
was corrected for multiple comparisons using the Bonferroni method (p = 0.025). In order to further investigate 
the link between the modification of the P45 amplitude and the ownership with the virtual body, we correlated the 
amplitude of the SEP amplitude with Q3, using a permutation test (Spearman’s rank correlation coefficient anal-
ysis)72. In order to better compare the two distributions raw scores were transformed to standardized z-scores.
EEG Source localization. Neural generators for SEPs were computed applying a distributed linear inverse solu-
tion, based on a local autoregressive average [LAURA73], producing adequate source localizations with high tem-
poral resolution71. Within the gray matter of the Montreal Neurological Institute (MNI) 152 template brain, 
we defined a solution space of 4022 evenly spread source points (or solution points). We transformed the MNI 
volume to a best-fitting sphere [SMAC model74] and used a three-shell spherical head model to calculate the 
lead field and the LAURA inverse solution. Anatomical labels are reported using an appropriate correction from 
Talairach–Tournoux to MNI space.
Data availability. The datasets generated during and analyzed during the current study are available from the 
corresponding author on reasonable request.
Figure 4. Setup. Participants (a) stood with their backs facing a video camera placed 200 cm behind them 
(b). An electrocardiogram was recorded (a) and R-Peaks were detected in real-time (c), triggering a flashing 
silhouette outlining the participant’s body (virtual body) (d). The video, showing the virtual body was projected 
in real time onto a head mounted display (HMD) (body condition). It appeared visually that the virtual body was 
standing 200 cm in front of the participant (e).
www.nature.com/scientificreports/
7SCIENtIFIC RepORts |  (2018) 8:9230  | DOI:10.1038/s41598-018-27698-2
References
 1. Ehrsson, H. H., Spence, C. & Passingham, R. E. That’s my hand! Activity in premotor cortex reflects feeling of ownership of a limb. 
Science (80-.). 305, 875–877 (2004).
 2. Spence, C., Pavani, F. & Driver, J. Spatial constraints on visual-tactile cross-modal distractor congruency effects. Cogn. Affect. Behav. 
Neurosci. 4, 148–69 (2004).
 3. Tsakiris, M. & Haggard, P. The rubber hand illusion revisited: visuotactile integration and self-attribution. J. Exp. Psychol. Hum. 
Percept. Perform. 31, 80–91 (2005).
 4. Ionta, S. et al. Multisensory Mechanisms in Temporo-Parietal Cortex Support Self-Location and First-Person Perspective. Neuron 
70, 363–374 (2011).
 5. Aspell, J. E., Lenggenhager, B. & Blanke, O. Keeping in touch with one’s self: multisensory mechanisms of self-consciousness. Plos 
One 4, e6488 (2009).
 6. Ehrsson, H. H. The experimental induction of out-of-body experiences. Science 317, 1048 (2007).
 7. Petkova, V. I. et al. From part- to whole-body ownership in the multisensory brain. Curr Biol 21, 1118–1122 (2011).
 8. Critchley, H. D., Wiens, S., Rotshtein, P., Öhman, A. & Dolan, R. J. Neural systems supporting interoceptive awareness. Nat. 
Neurosci. 7, 189–195 (2004).
 9. Ronchi, R. et al. Right insular damage decreases heartbeat awareness and alters cardio-visual effects on bodily self-consciousness. 
Neuropsychologia 70, 11–20 (2015).
 10. Salomon, R. et al. The Insula Mediates Access to Awareness of Visual Stimuli Presented Synchronously to the Heartbeat. J. Neurosci. 
36, 5115–5127 (2016).
 11. Ronchi, R. et al. Interoceptive signals impact visual processing: Cardiac modulation of visual body perception. Neuroimage https://
doi.org/10.1016/j.neuroimage.2017.06.064(2017).
 12. Park, H.-D. et al. Neural Sources and Underlying Mechanisms of Neural Responses to Heartbeats, and their Role in Bodily Self-
consciousness: An Intracranial EEG Study. Cereb. Cortex 1–14 https://doi.org/10.1093/cercor/bhx136 (2017).
 13. Craig, a. D. How do you feel? Interoception: the sense of the physiological condition of the body. Nat. Rev. Neurosci. 3, 655–66 
(2002).
 14. Damasio, A. The Feeling of What Happens: Body and Emotion in the Making of Consciousness. (Harcourt Brace, 2000).
 15. Foreman, R. D., Blair, R. W. & Weber, R. N. Viscerosomatic convergence onto T2-T4 spinoreticular, spinoreticular-spinothalamic, 
and spinothalamic tract neurons in the cat. Exp Neurol 85, 597–619 (1984).
 16. Ruch, T. C. In Physiology and Biophysics (eds Ruch, T. C. & Patton, H. D.) (W.B. Saunders Company, 1965).
 17. Takahashi, M. & Yokota, T. Convergence of cardiac and cutaneous afferents onto neurons in the dorsal horn of the spinal cord in the 
cat. Neurosci Lett 38, 251–256 (1983).
 18. Heydrich, L. & Blanke, O. Distinct illusory own-body perceptions caused by damage to posterior insula and extrastriate cortex. 
Brain 136, 790–803 (2013).
 19. Gray, M. A., Rylander, K., Harrison, N. A., Wallin, B. G. & Critchley, H. D. Following one’s heart: cardiac rhythms gate central 
initiation of sympathetic reflexes. J Neurosci 29, 1817–1825 (2009).
 20. Morrison, I., Bjornsdotter, M. & Olausson, H. Vicarious Responses to Social Touch in Posterior Insular Cortex Are Tuned to 
Pleasant Caressing Speeds. J. Neurosci. 31, 9554–9562 (2011).
 21. Park, H.-D., Correia, S., Ducorps, A. & Tallon-Baudry, C. Spontaneous fluctuations in neural responses to heartbeats predict visual 
detection. Nat. Neurosci. 17, 612–618 (2014).
 22. Tsakiris, M., Jiménez, A. T.- & Costantini, M. Just a heartbeat away from one’s body: interoceptive sensitivity predicts malleability of 
body-representations. Proc. Biol. Sci. https://doi.org/10.1098/rspb.2010.2547 (2011).
 23. Ainley, V., Tajadura-Jiménez, A., Fotopoulou, A. & Tsakiris, M. Looking into myself: Changes in interoceptive sensitivity during 
mirror self-observation. Psychophysiology 49, 1672–1676 (2012).
 24. Aspell, J. E. et al. Turning Body and Self Inside Out: Visualized Heartbeats Alter Bodily Self-Consciousness and Tactile Perception. 
Psychol. Sci. 24 (2013).
 25. Suzuki, K., Garfinkel, S. N., Critchley, H. D. & Seth, A. K. Multisensory integration across exteroceptive and interoceptive domains 
modulates self-experience in the rubber-hand illusion. Neuropsychologia 51, 2909–2917 (2013).
 26. Allen, M. et al. Unexpected arousal modulates the influence of sensory noise on confidence. Elife 5 (2016).
 27. Marshall, A. C., Gentsch, A., Jelinčić, V. & Schütz-Bosbach, S. Exteroceptive expectations modulate interoceptive processing: 
Repetition-suppression effects for visual and heartbeat evoked potentials. Sci. Rep. 7 (2017).
 28. Pia, L. et al. Interoception and Positive Symptoms in Schizophrenia. Front. Hum. Neurosci. 10, 379 (2016).
 29. American Psychiatric Association. DSM 5. American Journal of Psychiatr y https://doi.org/10.1176/appi.
books.9780890425596.744053 (2013).
 30. Kern, J. K. et al. Sensory correlations in autism. Autism 11, 123–134 (2007).
 31. Ben-Sasson, A. et al. A meta-analysis of sensory modulation symptoms in individuals with autism spectrum disorders. J. Autism 
Dev. Disord. 39, 1–11 (2009).
 32. Crane, L., Goddard, L. & Pring, L. Sensory processing in adults with autism spectrum disorders. Autism 13, 215–28 (2009).
 33. Garfinkel, S. N. et al. Discrepancies between dimensions of interoception in autism: Implications for emotion and anxiety. Biol. 
Psychol. 114, 117–126 (2016).
 34. Shah, P., Catmur, C. & Bird, G. Emotional decision-making in autism spectrum disorder: the roles of interoception and alexithymia. 
Mol. Autism 7, 1–10 (2016).
 35. Shah, P., Hall, R., Catmur, C. & Bird, G. Alexithymia, not autism, is associated with impaired interoception. Cortex 81, 215–220 (2016).
 36. Mul, C., Stagg, S. D., Herbelin, B. & Aspell, J. E. The Feeling of Me Feeling for You: Interoception, Alexithymia and Empathy in 
Autism. J. Autism Dev. Disord. https://doi.org/10.1007/s10803-018-3564-3 (2018).
 37. Quattrocki, E. & Friston, K. Autism, oxytocin and interoception. Neuroscience and Biobehavioral Reviews 47, 410–430 (2014).
 38. Frith, U. Autism: Explaining the enigma. (Blackwell Publishing Ltd, 2003).
 39. Henderson, H. A. et al. Self-referenced memory, social cognition, and symptom presentation in autism. J. Child Psychol. Psychiatry 
Allied Discip. 50, 853–861 (2009).
 40. Kanner, L. Autistic disturbances of affective contact. Nervous Child 2, 217–250 (1943).
 41. Kievit, R. A. & Geurts, H. M. Autism and perception of awareness in self and others: Two sides of the same coin or dissociated 
abilities? Cognitive Neuroscience 2, 119–120 (2011).
 42. Noel, J. P., Lytle, M., Cascio, C. & Wallace, M. T. Disrupted integration of exteroceptive and interoceptive signaling in autism 
spectrum disorder. Autism Res. 11, 194–205 (2018).
 43. Aspell, J. E. et al. Turning Body and Self Inside Out: Visualized Heartbeats Alter Bodily Self-Consciousness and Tactile Perception. 
Psychol. Sci. 24, 2445–2453 (2013).
 44. Aspell, J. E., Palluel, E. & Blanke, O. Early and late activity in somatosensory cortex reflects changes in bodily self-consciousness: an 
evoked potential study. Neuroscience 216, 110–122 (2012).
 45. Bufalari, I., Aprile, T., Avenanti, A., Di Russo, F. & Aglioti, S. M. Empathy for pain and touch in the human somatosensory cortex. 
Cereb Cortex 17, 2553–2561 (2007).
 46. Dieguez, S., Mercier, M. R., Newby, N. & Blanke, O. Feeling numbness for someone else’s finger. Curr. Biol. 19, R1108–9 (2009).
 47. Paqueron, X. The phenomenology of body image distortions induced by regional anaesthesia. Brain 126, 702–712 (2003).
www.nature.com/scientificreports/
8SCIENtIFIC RepORts |  (2018) 8:9230  | DOI:10.1038/s41598-018-27698-2
 48. Tinazzi, M. et al. Transient deafferentation in humans induces rapid modulation of primary sensory cortex not associated with 
subcortical changes: a somatosensory evoked potential study. Neurosci. Lett. 223, 21–4 (1997).
 49. Werhahn, K. J., Mortensen, J., Van Boven, R. W., Zeuner, K. E. & Cohen, L. G. Enhanced tactile spatial acuity and cortical processing 
during acute hand deafferentation. Nat. Neurosci. 5, 936–938 (2002).
 50. Moseley, G. L. et al. Psychologically induced cooling of a specific body part caused by the illusory ownership of an artificial 
counterpart. Proc. Natl. Acad. Sci. USA 105, 13169–73 (2008).
 51. Salomon, R., Lim, M., Pfeiffer, C., Gassert, R. & Blanke, O. Full body illusion is associated with widespread skin temperature 
reduction. Front. Behav. Neurosci. 7, 65 (2013).
 52. Hänsel, A., Lenggenhager, B., von Känel, R., Curatolo, M. & Blanke, O. Seeing and identifying with a virtual body decreases pain 
perception. Eur. J. Pain 15, 874–9 (2011).
 53. Pamment, J. & Aspell, J. E. Putting pain out of mind with an ‘out of body’ illusion. Eur. J. Pain 21, 334–342 (2017).
 54. Allison, T., Wood, C. C., McCarthy, G. & Spencer, D. D. Cortical somatosensory evoked potentials. II. Effects of excision of 
somatosensory or motor cortex in humans and monkeys. J Neurophysiol 66, 64–82 (1991).
 55. Allison, T., McCarthy, G. & Wood, C. C. The relationship between human long-latency somatosensory evoked potentials recorded 
from the cortical surface and from the scalp. Electroencephalogr Clin Neurophysiol 84, 301–314 (1992).
 56. Park, H.-D. et al. Transient Modulations of Neural Responses to Heartbeats Covary with Bodily Self-Consciousness. J. Neurosci. 36, 
8453–8460 (2016).
 57. Blefari, M. L. et al. Bilateral Rolandic operculum processing underlying heartbeat awareness reflects changes in bodily self-
consciousness. Eur. J. Neurosci. 45, 1300–1312 (2017).
 58. Khalsa, S. S., Rudrauf, D., Feinstein, J. S. & Tranel, D. The pathways of interoceptive awareness. Nat. Neurosci. 12, 1494–1496 (2009).
 59. Critchley, H. D., Wiens, S., Rotshtein, P., Ohman, A. & Dolan, R. J. Neural systems supporting interoceptive awareness. Nat. 
Neurosci. 7, 189–95 (2004).
 60. Craig, a. D. B. How do you feel–now? The anterior insula and human awareness. Nat. Rev. Neurosci. 10, 59–70 (2009).
 61. Kondo, H. M. & Kashino, M. Neural mechanisms of auditory awareness underlying verbal transformations. Neuroimage 36, 123–30 (2007).
 62. Kranczioch, C., Debener, S., Schwarzbach, J., Goebel, R. & Engel, A. K. Neural correlates of conscious perception in the attentional 
blink. Neuroimage 24, 704–14 (2005).
 63. Pressnitzer, D. & Hupé, J.-M. Temporal Dynamics of Auditory and Visual Bistability Reveal Common Principles of Perceptual 
Organization. Curr. Biol. 16, 1351–1357 (2006).
 64. Ebisch, S. J. H. et al. Differential involvement of somatosensory and interoceptive cortices during the observation of affective touch. 
J. Cogn. Neurosci. 23, 1808–22 (2011).
 65. Friedman, D. P., Murray, E. A., O’Neill, J. B. & Mishkin, M. Cortical connections of the somatosensory fields of the lateral sulcus of 
macaques: evidence for a corticolimbic pathway for touch. J Comp Neurol 252, 323–347 (1986).
 66. Farrer, C. & Frith, C. D. Experiencing oneself vs another person as being the cause of an action: the neural correlates of the 
experience of agency. Neuroimage 15, 596–603 (2002).
 67. Baier, B. & Karnath, H.-O. Tight link between our sense of limb ownership and self-awareness of actions. Stroke. 39, 486–8 (2008).
 68. Desmedt, J. E. & Bourguet, M. Color imaging of parietal and frontal somatosensory potential fields evoked by stimulation of median 
or posterior tibial nerve in man. Electroencephalogr. Clin. Neurophysiol. Evoked Potentials 62, 1–17 (1985).
 69. García-Larrea, L., Bastuji, H. & Mauguière, F. Mapping study of somatosensory evoked potentials during selective spatial attention. 
Electroencephalogr. Clin. Neurophysiol. Potentials Sect. 80, 201–214 (1991).
 70. Button, K. S. et al. Power failure: Why small sample size undermines the reliability of neuroscience. Nat. Rev. Neurosci. 14, 365–376 (2013).
 71. Mercier, M., Schwartz, S., Michel, C. M. & Blanke, O. Motion direction tuning in human visual cortex. Eur. J. Neurosci. 29, 424–34 (2009).
 72. Groppe, D. M., Urbach, T. P. & Kutas, M. Mass univariate analysis of event‐related brain potentials/fields I: A critical tutorial review. 
Psychophysiology 48 1711–1725
 73. Grave de Peralta Menendez, R., Gonzalez Andino, S., Lantz, G., Michel, C. M. & Landis, T. Noninvasive localization of 
electromagnetic epileptic activity. I. Method descriptions and simulations. Brain Topogr. 14, 131–7 (2001).
 74. Spinelli, L., Andino, S. G., Lantz, G., Seeck, M. & Michel, C. M. Electromagnetic inverse solutions in anatomically constrained 
spherical head models. Brain Topogr 13, 115–125 (2000).
Acknowledgements
The authors are supported by the Swiss National Science Foundation (Grants 33CM30-124089; Sinergia Grant 
CRSII1-125135: Balancing Self and Body), the Cogito Foundation and the Fondation Bertarelli.
Author Contributions
L.H. was responsible for the study design, data collection, data analysis and writing of the manuscript. J.A. was 
responsible for the study design, data analysis and writing of the manuscript. G.M. and T.L. helped with data 
collection. B.H. helped with the study design and technical aspects of the setup. O.B. helped with the writing of 
the manuscript and supervision of the study.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-27698-2.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018
